It has previously been shown that paternal mitochondrial DNA (mtDNA) can be detected in later generations in Drosophila. To further analyze the paternal transmission of mtDNA, the progeny of two intraspecific and three interspecific crosses were examined in the frequency of the paternal transmission of mtDNA, using closely related species of the melanogaster species subgroup. Types of mtDNA in the progeny of the individual backcrosses of F 1 females were analyzed by selective amplification of paternal mtDNA. More than 100 F 1 females were examined for each backcross. The same type of mtDNA as that of the paternal mtDNA was detected in approximately 20 -60% of the backcrosses. The present results indicate that paternal leakage occurs in the intraspecific crosses as well as in the interspecific crosses in Drosophila.
INTRODUCTION
Mitochondria have their own genomes in multiple copies and show different modes of inheritance from the nuclear genome. Mitochondrial DNA inheritance has been believed to be strictly maternal (e.g., Giles et al., 1980; Dawid and Blackler, 1972) . Increasingly, however, evidence from both natural population surveys and experimental crosses has suggested that paternal leakage and biparental inheritance of mtDNA may be more common. These examples include several groups of animals: insects (Drosophila, Kondo et al., 1990 Kondo et al., , 1992 , mussels (Mytilus, Zouros et al., 1994) , birds (Parus, Kvist et al., 2003) , and mice (Gyllensten et al., 1991) . It has been summarized that similar paternal leakage occurs in other groups of organisms (Xu, 2005) . In humans and chimpanzees, recombination in mtDNA suggested from linkage disequilibrium study has been interpreted under the presence of paternal mtDNA (Awadalla et al., 1999) . Theoretical population genetics studies have suggested that transmission of even a small amount of paternal mtDNA provides a sufficient extent of gene flow between isolated female lineages (Takahata and Maruyama, 1981; Chapman et al., 1982; Birky, 1983) .
Maternal transmission of mtDNA might be explained by the stochastic loss of paternal mtDNA in a zygote (Birky, 1983) . In animals, a mature sperm carries approximately 100 copies of mtDNA (Hecht et al., 1984) , in contrast, an oocyte contains 10 5 to 10 8 copies of mtDNA (Giles et al., 1980; Jansen and de Boer, 1998) . In two inbred strains of M. musculus and M. spretus whose mtDNAs can easily be distinguished by the polymerase chain reaction (PCR), Gyllensten et al. (1991) have shown that paternally inherited mtDNA can be detected at a frequency of 10 -4 relative to the maternal contributions. This amount of paternal mtDNA was not detected by restriction analysis in their early study (Gyllensten et al., 1985) . Another possibility is that a specific mechanism exists to distinguish sperm mtDNA from maternal mtDNA in a zygote. Paternal transmission has been reported in interspecific rather than intraspecific hybrids (Kondo et al., 1990; Gyllensten et al., 1991) . Kaneda et al. (1995) have indicated that paternal mtDNA can be detected in neonates only in the case of an interspecific cross in mice, between M. musculus and M. spretus, and have suggested active degradation of sperm mitochondria by loss of their membrane potential at the early stage of embryos. Later, the loss of paternal mitochondria was also shown to be tissue-specific by microinjection experiments in mouse embryos (Shitara et al., 2000) . That is, when mitochondria from liver or spermatid were injected into zygotes, the exogenous mtDNA from spermatid was not detected in the progeny, but mtDNA from liver was detected. However, molecular mechanisms for the recognition of sperm mitochondria have not yet been clarified.
Edited by Yoko Satta * Corresponding author. E-mail: etmatsu@cc.ocha.ac.jp Drosophila provides a useful system for the study of paternal transmission of mtDNA by the availability of many closely related species. Evidence of paternal mtDNA transmission was also found in Drosophila. Sperm mtDNA was detected in the progeny of backcross lines after ten consecutive interspecific backcrosses, D. simulans (female) × D. mauritiana (male) (Kondo et al., 1990) . In this experiment, Southern hybridization was used to detect paternal mtDNA in amounts at least 0.03% of a mixture with maternal mtDNA. Afterwards, PCR techniques were applied to detect paternal mtDNA in the presence of a 10 3 -fold excess of highly homologous maternal DNA. Paternal mtDNA was detected in the progeny of both one intraspecific cross in D. simulans and one interspecific cross between D. simulans (female) × D. mauritiana (male) (Kondo et al., 1992) . These results are in contrast to those in mice indicating that paternal mtDNA can be detected only in interspecific crosses. The reason for this inconsistency has not yet been clarified. More extensive studies are necessary to investigate the differences between mice and Drosophila, which would be of some help to understanding the mode of paternal inheritance of mtDNA.
In the present study, we examined the presence of paternal mtDNA in the progeny of two intraspecific crosses within D. simulans and D. mauritiana, and three interspecific crosses among D. simulans, D. mauritiana and D. sechellia, by designing the 3' end of primers of PCR to selectively amplify a fragment derived from paternal mtDNA. The results indicated detection of paternal mtDNA in approximately 20 -60% of the backcrosses from all the combinations examined.
MATERIALS AND METHODS
Strains and crosses Three of the closely related species of the melanogaster species subgroup were used: D. simulans (NOU1, SL61, and RE213 strains represent siI, siII, and siIII mtDNA type, respectively), D. mauritiana (g20 and g52 strains represent maI and maII mtDNA type, respectively), and D. sechellia (SS51 strain). MtDNA of these types can be easily distinguished by their restriction fragments by HpaII. When these three species are hybridized by each other reciprocally, the male progeny from interspecific crosses is sterile, except for the rare fertile male progeny from a cross between D. mauritiana (female) and D. simulans (male) (Lemeunier et al., 1986) . For a cross, three virgin females were mated with more than five males at 25°C. After eggs were laid, all the parental individuals were discarded. Due to the availability of the 3' end of the PCR primers described below, two intraspecific crosses and three interspecific crosses were made: siIII (female) × siI (male) and maII (female) × maI (male) for the intraspecific combinations, and siI (female) × maI (male), sec (female) × siII (male), and maII (female) × siI (male) for the interspecific combinations. We randomly selected virgin F 1 females and individually backcrossed to 3 to 5 males of its maternal and paternal strains, respectively. Then mtDNA was extracted from approximately 50 adult flies of the progeny of each F 1 female as described below. We tested more than 100 F 1 females in each backcross.
PCR analysis
We designed primers to discriminate paternal from maternal mtDNA, based on the method of Kondo et al. (1992) . To design primers for each cross, we first searched the entire sequences of the coding region in mtDNA for these species in the database, and selected sequences as primers that were perfectly matched at their 5' ends but differed at the 3' ends. In addition, primers were selected so as to amplify the DNA segment containing a restriction enzyme cleavage site for easy confirma- Fig. 1 . PCR primers and the expected size of the amplified fragment after HaeIII digestion for a cross of maII females and siI males. Asterisks in the maII sequence indicate the sequence identity with siI mtDNA. Sequences of siI mtDNA were used for the primers. The sizes of the region amplified and fragments cut by HaeIII are indicated. tion of the sequence. Amplified mtDNA of a paternal strain was cleaved by a restriction enzyme, but mtDNA of the maternal strain was not digested by the same restriction enzyme. An example of the cross between the maII female and siI male is shown in Fig. 1 . The oligonucleotide primers and restriction enzymes used are summarized in Table 1 . These PCR amplified fragments were sequenced, and all the restriction sites were confirmed.
To confirm the limit of the detection of paternal mtDNA, PCR was carried out using templates mixed maternal mtDNA with paternal mtDNA at various ratios from 10 -3 to 10 -9 for each cross tested.
MtDNA was extracted through SDS-phenol treatment of mitochondria isolated from homogenates of adult flies by differential centrifugation (Satta et al., 1987) and used as templates for the PCR. The reaction was performed using a DNA thermal cycler (TaKaRa PCR Thermal Cycler PERSONAL) in a total 50 μl of a solution containing 0.5 μM each of primers, 5 μl of 10 × buffer, 1.5 mM MgCl 2 , 200 μM dNTP, 25 ng of template mtDNA, and 2.5 units of rTaq polymerase. Each PCR product was then treated with a suitable restriction enzyme and applied on agarose gels for confirmation of the paternal-specific restriction site.
RESULTS
Based on the method using designed primers that discriminate paternal from maternal mtDNA, we examined the presence of paternal mtDNA in the progeny of two intraspecific crosses, maII (female) × maI (male) and siIII (female) × siI (male), and three interspecific crosses, siI (female) × maI (male), sec (female) × siII (male), and maII (female) × siI (male).
First, we examined the sensitivity of the detection by a series of PCR for each cross. Approximately 25 ng of the template DNA was used, which contained mtDNA from a maternal strain mixed with that from a paternal at various ratios; 1:1, 1:10 . Fig. 2 shows an example of the results of PCR for such control experiments for the combination of maII (female) and siI (male) mtDNA. When either maII or siI mtDNA was used as templates, amplification was observed only from siI mtDNA. For the mixture of the two kinds of mtDNA, paternal siI mtDNA could be detected at 10 -6 , but it was not detected at 10 -7 . The PCR amplified fragment from siI was 1790 bp, and after cleavage by a paternal-specific restriction enzyme HaeIII, two fragments, 949 bp and 841 bp, were detected. These two fragments indicated the presence of the paternal mtDNA. Paternal mtDNA was detected at a frequency of 10 -3 -10 -6
, depending on the cross tested. It was observed that the sensitivity of the primer set tended to be higher for the interspecific combinations than for the intraspecific combinations. The sensitivity was the lowest, 10 -3 , for the combination of maII (female) and maI (male) mtDNA, and the highest, 10 -6 , for the combination of maII (female) and siI (male) mtDNA and siI (female) and maI (male) mtDNA. Table 2 summarizes the results of the detection of paternal mtDNA for the intra-and interspecific crosses. The F 1 females were individually backcrossed to males of a paternal and a maternal strain, respectively. For one of the intraspecific crosses, maII (female) × maI (male), a total of 103 F 1 individuals were examined by their progeny of the backcrosses to males of a paternal strain, and the paternal mtDNA type was detected in 22 backcrosses (21.3%). In contrast, in the cases of 102 F 1 backcrossed to males of a maternal strain, paternal mtDNA was detected in 19 backcrosses (18.6%). The difference in the frequencies of paternal leakage was not statistically significant (χ 2 = 0.24, P > 0.05). In the other combination of siIII (female) × siI (male), the paternal mtDNA type was also detected in the progeny of the F 1 , backcrossed to both a maternal and a paternal strain. However, the frequency of paternal leakage in the backcross to a maternal strain was significantly higher than that in the backcross to a paternal strain (χ 2 = 8.31, P < 0.01). The total frequencies of the presence of paternal mtDNA among the progeny from the two kinds of backcrosses were 28% and 35% for a paternal and a maternal strain, respectively. This difference was not statistically significant (χ 2 = 3.26, P > 0.05).
In the three interspecific combinations, paternal mtDNA was also detected in all the crosses. In maII (female) × siI (male), for example, the paternal mtDNA was detected in 86 of 151 backcrosses of the F 1 females to males of a paternal strain. When the F 1 females were backcrossed to males of a maternal strain, paternal mtDNA was detected in 50 of 109 backcrosses. The total frequency of the presence of paternal mtDNA among the progeny was significantly higher in backcrosses to a paternal strain, 53%, than in backcrosses to a maternal strain, 38% (χ 2 = 15.11, P < 0.01).
DISCUSSION
In the present study, using three species belonging to the melanogaster species subgroup of Drosophila, the transmission of paternal mtDNA was investigated by PCR, using mtDNA extracted from their backcross progeny for both intra-and interspecific crosses. The results showed that paternal mtDNA was detected in approximately 20 -60% of the backcrosses.
It has been known that nuclear DNA homologous to mtDNA, which is called nuclear mtDNA (NUMT), exists (Lopez et al., 1994) . According to Richly and Leister (2004) , less than ten NUMTs were found in Drosophila, and a total amount of them was about only 500 bp. They also described that NUMTs showed variable degrees of homology to mtDNA and that rearrangement and fragmentation of mtDNA sequences were observed. In the present study, five different kinds of PCR were performed to amplify mtDNA sequences that were more than 1.8 kb long. In addition, the primer sequences used were very carefully designed so as to selectively amplify paternal mtDNA in the presence of highly homologous maternal mtDNA. Therefore, the possibility to amplify NUMTs by these primers could be excluded.
Only paternal mtDNA incorporated into germ cells of the F 1 females was transmitted to the progeny of the backcrosses. Therefore, the higher frequencies in backcrosses to a paternal strain in most cases might indicate that some paternal mtDNA was further incorporated at the backcross and remained in somatic cells. The reason for the lower frequency in a backcross to a paternal strain observed in the case of siIII (female) × siI (male) is unclear at present. It is noted that the transmission of paternal mtDNA through germ cells, which was observed in the backcrosses to males of a maternal strain, was detected for the intraspecific crosses as well as for the interspecific crosses in Drosophila. In addition, the frequencies in the intraspecific crosses might be underestimated due to lower sensitivities of the primer sets of PCR, as compared to the interspecific crosses.
In mice, paternal mtDNA was shown to be eliminated at the late pronucleus stage of intraspecific hybrid embryos. The leaked paternal mtDNA was not distributed to all tissues of the interspecific F 1 hybrid and was also limited to the first generation in a cross of M. musculus and M. spretus (Shitara et al., 1998) . In another study in mice, in the intraspecific hybrids in M. musculus, paternal mtDNA was detected only through the early pronuclear stage (Kaneda et al., 1995) . They concluded that cytoplasmic genomes were transmitted uniparentally only in intraspecific crosses. It is likely that the mechanisms that recognize sperm mitochondria or mtDNA of the same species should be ineffective against foreign mitochondria or mtDNA derived from a different species, since interspecific hybridization does not usually occur in natural populations. As compared with the cases in mice, the present results indicate that paternal leakage is not prohibited even in intraspecific crosses in Drosophila, and confirm the results of previous studies (Kondo et al., 1990 (Kondo et al., , 1992 . Although the differences in the frequencies of paternal leakage between the intraspecific and interspecific crosses were not clear, the present results may suggest that the recognition mechanism of sperm mitochondria in Drosophila would be different from that in mice. For further investigation, the determination of the amount of paternal mtDNA in individual flies would be indispensable.
A number of studies have indicated that sperm mitochondria are actively destroyed in egg (Hiraoka and Hirao, 1988; Shalgi et al., 1994; Sutovsky et al., 1996 Sutovsky et al., , 2000 . It has been indicated that sperm mitochondria are ubiquitinated during spermatogenesis in bovine, rhesus, mice, and human (Sutovsky et al., 2000) . Ubiquitination is a universal marker of proteolysis and protein recycling, showing a high degree of evolutionary conservation (Sutovsky et al., 2000) . Clarification of the extent of ubiquitination of sperm in Drosophila would be of some help in understanding the mechanisms of paternal leakage. On the other hand, the mitochondria in sperm have been known to undergo morphological changes during spermatogenesis in insects. They aggregate and fuse to form one or two derivatives that run longitudinally along one side of the axoneme for nearly the full length of the sperm tail (Fuller, 1993) . After the entry of one sperm into an egg cell from the anterior end, the sperm were observed to show species-specific folding and coiling patterns in eggs (Pitnick et al., 1995; Pitnick and Karr, 1998) . For paternal leakage to occur, sperm mitochondria or derivatives should be incorporated into pole cells formed at the posterior end. More careful observation is necessary to understand the sperm activity in a fertilized egg.
The present study suggests that sperm mtDNA is transmitted in Drosophila, which might possess different recognition mechanisms from those in mammals. Further qualitative and quantitative studies are required to assess the evolutionary diversity of the modes and effects of paternal leakage in animals.
